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With rising interest in organic-based functional materials, it is important to understand the nature
of magnetic and electrical transitions within these types of systems. One intriguing material is
triethylammonium bis-7,7,8,8-tetracyanoquinodimethane (TEA(TCNQ)2) where there is an order-
disorder transition at ∼220 K. This work focuses on novel neutron scattering techniques to understand
what the motion of the TEA cations at this transitions. This explains why we see the dielectric
behaviour and possible ferroelectricity within this type of system. We show that the motion of the
methyl groups of the TEA cation is spatially restricted below 220 K, whereas above the dielectric
anomaly at 220 K, they are free to re-orientate and this ultimately leads to some rich behaviour that
could be further exploited. Lastly, we also study the dynamics at this transition using an additional
variety of techniques, helping to provide a consistent picture of the motions of the cations.

1 Introduction

With the increasing demand of technology to provide more in-
teresting and intricate uses, scientists are having to look away
from oxide or metal materials in an attempt to produce novel de-
vices and systems. In this context, purely organic materials are
of significant interest and potential. For example, in recent years,
organic materials have shown increasing promise and attractive-
ness as photovoltaics, in part due to their ability to form thin
films with high dielectric constants1. One thing that separates in-
organic and organic materials for these dielectric applications is
the origin of the ferroelectricity or high polarisability. Generally
within inorganic or ceramic materials, the polarisation is due to
ionic displacement, however in organic materials, the polarisation
is a result of the distribution of electron density or the freezing of
molecular motion2,3 which requires a different approach to mate-
rial design and, consequently, provides many challenges4. There
has also been much interest in organic systems where one can
couple both the magnetic and electronic polarisation, similar to
what is seen within multiferroics5–7. Ultimately, organic systems
present researchers with an interesting fundamental playground
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of electrical and magnetic materials that can be developed into
some fascinating devices.

7,7,8,8-tetracyanoqunidimethane (TCNQ) is a system that was
able to not only stabilise a radical anion but also displayed quasi-
1D electrical conductivity8–11. The fact that the reduced TCNQ
molecule stabilised a radical, allowed this S = 1/2 system to be
used to synthesise many interesting magnetic systems12–18. Even
interfaces and defects have been shown to be extremely impor-
tant within these types of materials and have their own unique
electrical conducting behaviour19,20 that emphasises the low di-
mensional nature of the molecule and interactions, along with the
possible existence of correlated magnetism21.

One such derived system is TEA(TCNQ)2, where TEA = tri-
ethylammonium, which was one of the salts listed by Melby et
al. within their original work10. Within the crystal structure of
TEA(TCNQ)2

22, a single electron (or electronic charge) is delo-
calised across two TCNQ molecules, which form a strongly cor-
related dimer through π-orbital overlap. These TCNQ dimers
are stacked in a quasi-1D structure, with the TCNQ molecules in
tetramers at low temperature (i.e. two dimers together), with an
inversion centre in the middle of the 4 stacked TCNQ molecules
and in between these stacks are the TEA cations as can be seen
from Figure 1.

The sample, TEA(TCNQ)2, undergoes two transitions; one at
220 K and another at 120 K. In the low temperature phase
(<120 K), the system enters a bulk magnetic state where the
strongly interacting tetramers form a 3D coupled singlet state23.
This is, in part due to the fact that there are strong interactions
between TCNQ tetramers and as the temperature increases, the
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Fig. 1 A view of the structure of the high temperature phase of
TEA(TCNQ)2, at T = 298 K, shown along the a-axis, where the C
= grey, N = green and H = light blue. Note that the hydrogen positions
are an approximation deduced from a Fourier map to give an idea of
their different environments, and the ammonium hydrogens (N-H) are
not shown as their positions could not be determined. The structure was
taken from work within reference27.

lattice expands and the interactions between TCNQ dimers de-
creases. At the point of 120 K, the magnetic moments on each
TCNQ dimer are separated to the point that they become isolated
and behave paramagnetically. The higher temperature transition,
at 220 K, is ambiguous, however single crystal diffraction exper-
iments suggest that this is an order-disorder transition where be-
low 220 K the TEA cation freezes into one of two orientations22

and the occupancy of these orientations is purely random, with
no additional evidence of any ordering of the TEA cations being
present in the diffraction pattern, such as through diffuse scatter-
ing. Through the N-H bond on the TEA cation, the molecule also
is able to interact with the N atoms on the TCNQ, although there
has been limited work on how the H-bonding affects the order-
disorder transition. There may be a few possibilities; one is that
the H-bond is broken and it is this barrier that must be overcome
for the TEA to flip between orientations, or the H-bond is not vi-
tal in the TEA flipping and the interaction persists above all the
220 K transition, which would mean that the orientational motion
of the TEA is dominated by the motion of the ethyl side arms. In-
terestingly, on warming through this transition, the conductivity
of TEA(TCNQ)2 has also been show to dramatically increase24,
illustrating that this order-disorder transition may have a wider
effect on the TCNQ-TCNQ interactions. A study on the molecular
motion of the TEA cation was conducted by Travers et al.25 where
they used 1H NMR to look at the second moment as a function of
temperature. Based on their results, they were able to show that
different molecular motions were turned on as the temperature
was increased up to 220 K. However, their data were limited and
there was little information on how the TEA cation actually moves
between positions, with no energy scale associated with the tran-
sition. Detailed magnetic susceptibility measurements made by
Takagi26 showed that there was a clear, step-like anomaly at ap-
proximately 215 K, which was thought to be due to a change in
spin dynamics related to the TCNQ dimers. The low tempera-

ture susceptibility data taken below 125 K were also fit using a
spin-pair model where 2J/kB = 440 K

Recently we have shown that at both the low and high temper-
ature transitions, there are anomalies in the dielectric data27. At
low temperatures, we were able to observe changes in the capac-
itance and loss that coupled with the magnetisation, presenting
strong evidence for magneto-electric coupling. At the higher tem-
perature transition, which from hereafter will be referred to as the
dielectric transition, we found that the capacitive response was
glassy and akin to a relaxor-ferroelectric28. Two processes were
seen which had activation energies of 1430(50) K and 750(30) K
when modeled using the Vogel-Fulcher analysis and were within
different frequency regimes, 27-300 kHz and 0.6 - 22 kHz for the
high and low activation energies respectively27. Using a simple
activated behaviour to analyse the dielectric data resulted in sig-
nificantly increased values for the activation energy and attempt
frequencies. Given this intriguing dielectric behaviour, it is impor-
tant to revisit this dielectric transition and explore both the un-
derlying dynamics and molecular motions to fully understand it.
This will then help with application of TEA(TCNQ)2 as a potential
dielectric material. This work utilises a variety of different tempo-
ral techniques where we have been able to look at the dielectric
transition across a wide range of frequencies. Using techniques
that can probe through both space (Q-space) and time, we have
probed the molecular motions of the TEA cation motion, and have
found some intriguing results that suggest the TEA cation may not
rotate with the nitrogen atom at the centre. Instead, the methyl
groups are confined below the transition and it is only above the
dielectric transition, where they can freely rotate. Additionally,
the ethyl-carbons also begin to move upon warming, where the
arms of the triethylammonium cation flip between orientations
rather the whole molecule rocking about a sphere. Furthermore,
the muon spin spectroscopy results also provide evidence that the
dielectric transition is also accompanied by a change in spin dy-
namics on the TCNQ anions that results in changes of the electron
density across the dimers.

2 Experimental
The TEA(TCNQ)2 was synthesised using a route outlined by
Melby et al.10 where triethylammonium was refluxed with half
the molarity of TCNQ in stoichiometric quantities in acetonitrile.
Crystals were formed on slow cooling of the solution. Deuterated
TCNQ was also synthesised using a method by Dolphin et al.29,
where the deuterated analogue of TEA(TCNQ)2 could be easily
synthesised as above. Within all of our experiments, deuterated
TEA(TCNQ)2 was used to minimise any coupling between the
probe and the protons, or in this case deuterons, on the TCNQ
molecules.

Fixed window energy scans, where ∆E = 0, were taken on the
IN13 spectrometer at the Institute Laue-Langevin, a technique
known as Elastic Incoherent Neutron Scattering (EINS), reach-
ing values of Q out to approximately 4 to 5 Å−1. Quasi-Elastic
Neutron Spectroscopy (QENS) measurements were taken on the
IRIS spectrometer at the ISIS Neutron and Muon Source30. The
IRIS instrument is capable of reaching Q values of approximately
1.8 Å−1. In both cases helium closed-cycle refrigerators were used
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to control the temperature. The raw data were reduced using
Mantid and LAMP for the IRIS and IN13 data respectively.

Proton experimental NMR data were collected using a Bruker
Avance III HD spectrometer operating at 400 MHz and a 5 mm
diameter horizontal coil probe. Spin-lattice relaxation times (T1)
were recorded using a saturation-recovery method. Spin-lattice
relaxation in the rotating frame times (T1ρ ) were obtained from a
90◦ pulse followed by a variable duration spin-lock pulse applied
at a field equivalent to 50 kHz. Both types of measurement incor-
porated a solid echo. A solid echo pulse sequence was also used
to record a proton spectrum.

Muon spin spectroscopy (µSR) experiments were conducted on
the CHRONUS spectrometer on the RIKEN-RAL facility at the ISIS
Neutron and Muon Source using a helium flow cryostat to vary
the temperature31. More on the technique and data analysis can
be found within the supplementary information.

3 Results

3.1 Structural changes - Elastic Incoherent Neutron Scatter-
ing

Neutron spectroscopy is an ideal tool for studying organic based
system32 as the large incoherent scattering cross-section of the
proton allows one to probe the motion of the hydrogen atoms
with spatial resolution. EINS is an ideal and underused technique
to explore these types of systems where one can probe the inten-
sity of the incoherent scattering on the elastic line, where ∆E = 0,
providing information on the how the molecules move within the
crystal structure.

Using the IN13 instrument, one is able to access a Q range of
up to 4.36 Å−1, or ∼1.4 Å in real space. The data were collected
by scanning the intensity at different Q values on the elastic line
where ∆E = 0, and in this case, we are looking at all the elastic
or, ω ≈ 0 Hz, incoherent scattering from the protons on the TEA.
From a simple chemical point of view, the TEA cation has three
different proton environments; methyl groups, ethyl groups and
the ammonium proton that is bonded directly to the nitrogen.
The percentage of the protons that accounts for the ammonium
proton, is small and so it is plausible that this doesn’t contribute
to the overall scattering from the protons; the largest fraction of
protons are within the methyl groups.

The intensity as a function of Q was collected at various tem-
peratures and these have been plotted in a 2D rainbow graph
shown in Figure 2. All data were normalised and so the highest
possible intensity is one. The change in intensity axis is providing
information on the probability of finding that particle at a given
value of Q. Therefore when Q ≈ 0 Å−1, the intensity is always one
and this is due to the proton or particle always being present with
respect to the long range order of the crystal structure. The data
taken at 20 K were used as the resolution function as all motion is
expected to be frozen out and after reduction, this produces a flat
line. Above 50 K, there is a small decrease in the intensity across
most of Q, which is due to the onset of one process related to
the protons. This intensity gradually decreases as more of these
protons start moving and the probability of finding the proton at
a specific value of Q decreases, due to the motion becoming more

diffuse. Above 120 K, a new region is entered and the tail at high
Q begins to drop to a lower value and this appears to be another
region where an additional process causes the intensity on the
elastic line to be pushed out into the quasi-elastic region. Since
at 150 K, the intensity at lower values of Q remains fairly high,
this process is likely to be more local in motion, such as the onset
of methyl group rotation. This plateau denoted within the green
region in Figure 2 persists until 200 K, where the intensity drops
across the whole Q range. Given that there is a dramatic decrease
in intensity at the low Q range, this motion is due to larger mo-
tions or jumps in real space (Q < ∼ 2.6 Å−1), which also matches
with the temperature of the dielectric transition and the onset of
the motion of the entire TEA cation.

Fig. 2 Rainbow plot showing both the Q and temperature dependence
of the intensity (coming out the the page) from the incoherent scattering
on the elastic line. Note that the intensity scale has been normalised.

Given the interesting temperature and Q dependence of the
intensity of the data in Figure 2, it is worth further analysing I(Q)

at each individual temperature. With this in mind, it is noted
that there are only two distinct and sizeable proton environments,
with the dielectric transition being due to the onset of the motion
of the whole TEA molecule. It therefore is reasonable to treat the
I(Q) vs. Q data as the elastic incoherent structure factor (EISF)
and model the data as such to extract more information that can
relate to the motion of the molecular structure of TEA.

Since the type of motion that the protons may undergo is am-
biguous, we have attempted to find the best fits to the data using
different models of the EISF33 by comparing the quality of the
fits of each model. The adjusted-R2 value, that takes into ac-
count additional independent variables within a model, allowing
a comparison between these different models, is shown in Figure
3A, with the fits to the data shown in Figure 3B. We believe there
are three regions that can be described by slightly different fitting
functions that we have illustrated in Figure 3A. The first region
to consider is that at low temperatures (< 100 K); it is extremely
likely that the first motion of protons that unfreezes within the
time scale of the measurement is that of the methyl group protons
and one can assume all these protons to be equivalent. Therefore
the EISF model that describes a 3-site jump, or methyl rotation,
model was used. The formula to account for a 3-jump rotation is
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Fig. 3 EISF analysis of the incoherent elastic line scattering from IN13. A: The adjusted R2 parameters illustrating the quality and applicability of each
model to each spectra. The solid lines are purely a guide to the eye. B: Examples of fits (solid red lines) to the I(Q) data at selected temperatures.
Equation 1 was fitted to the 50 K C: The temperature dependence of the respective amplitude of each component from the fits to the data. The solid
lines are guides to the eye. D: The radius associated with the two component fits to the data where r1 is for the CH3 jump rotation and r2 is for the
spherical diffusion model. The solid lines are guides to the eye.

ICH3(Q) =
A1

3
[1+2 j0(Qr

√
3)]+ I0, (1)

where j0 is a zeroth-order Bessel function of the first kind, r is
the jump distance or radius of the rotation and I0 = 1−A1, which
is the baseline that accounts for any static protons. The fit to the
100 K data is good and it would seem reasonable that this model
accounts for the motion at this temperature as this would be a
process that occurs at a high value of Q. The parameters from
these fits are shown in Figures 3C and 3D, where the amplitude
increases between 50 and 100 K, which would indicate the onset
of a dynamic process in the measurement at 50 K. The jump dis-
tance or radius curiously comes out much lower than one would
expect (generally ∼1 Å)34,35 for a CH3 rotation at ∼0.5 Å at
100 K. This could be an indication that the motion is heavily con-
fined and the methyl protons, although moving are not capable
of jumping the ∼1 Å to the neighbouring proton site and so one
could imagine the methyl protons are rocking but not fulfilling
the criteria for a full rotation about the C-C axis.

Above 100 K, there is an intensity change in the high Q tail as
can be seen in Figure 2 where one can assume that Equation 1
is no longer a valid model. For temperatures above 100 K, we fit
the data using two models, the first was a summation of the 3-
site jump model (for the CH3 rotations) and a 2-site jump model,
which we believed may account for the onset of ethyl group mo-
tion, the equation is shown below;

I(Q) =
A1

3
[1+2 j0(Qr1

√
3)]+

A2

2
[1+ j0(Qr2)]+ I0, (2)

where in this case r1 is the CH3 rotational radius, r2 is the jump
distance between two sites and A1 and A2 are the amplitudes
of each site, with I0 being the baseline. Zeller et al. discussed
whether the amplitude at Q= 0 should be fixed at one or left float-
ing, primarily due to any instrumental effects that mean I ̸= 1 at
Q = 036. Within our analysis, we opted to let the amplitude float
as this provided reasonable fitting of the data. The next model
used was a summation of a 3-site jump model, again to account
for the methyl group rotation, and a model to describe spherical
diffusion. One could treat the outer limits of the TEA cation as a
sphere and so this may provide a good model for the flipping of
the entire molecule, which is mathematically delineated as

I(Q) =
A1

3
[1+2 j0(Qr1

√
3)]+A2

[
3 j1(Qr2)

Qr2

]
+ I0, (3)

where in this case j1 is the first-order Bessel function and r2 is
the radius of the sphere that the protons are diffusing within. In
the case of a more complex molecule, this model is likely better
than that of a proton diffusing on a perfect sphere. As mentioned,
for the three above different models, Equations 1-3, were fit to the
data above 100 K and the quality of the fits, the Adjusted-R2, was
compared, with the results to this comparison shown in Figure
3A. From the Adjusted-R2 values, above 100 K, there are two ad-
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ditional regions that the data can be separated into. At 125 K,
the model that is a summation of a 3-site jump and a 2-site jump
provides a better quality of fit and with a jump distance of ∼3 Å,
which is too large for the ethyl group protons to be jumping be-
tween the two proton sites. Therefore this large number points to
the fact that there is some form of larger conformational change
that is able to take place across the entire TEA molecule. In fact,
3 Å is not an unreasonable distance, if not perhaps a little short,
for the proton of one methyl group to jump to the position of an-
other methyl group on the TEA cation within the TEA(TCNQ)2

structure. It is also worth nothing, that at this temperature, the
sample exits a magnetic 3D ground state23. The magnetic tran-
sition occurs due to the increasing interactions along the TCNQ
stacks as the c-axis shrinks on cooling, yet above this transition,
there will be motion of the TEA cations, albeit, very slow and
given the ∼3 Å jump distance, this may be between TEA config-
urations, since this distance is roughly from the methyl hydrogen
to the nitrogen atom. However it is also worth bearing in mind
that the amplitude of the component is very small and so it may
be a very small number of protons involved in this motion or that
the model used is not the best physical representation since it
could be the point at which the TEA cations begin to move. Given
the proximity of the onset of this motion to the magnetic transi-
tion, the two are likely linked. Within this second region, the CH3

rotational distance remained at ∼0.5 Å , which could mean this
constricted motion of the methyl protons is persistent.

As the temperature is increased, and one moves into region 3,
the best fit is achieved by using Equation 3. Within error the value
of r1 is stays the same up until 225 K, when there is a dramatic
change and the value then changes to ∼1 Å, which is what one
would expect for a full methyl group rotation. Concomitantly, the
value of r2 drops slowly and flattens out at 1.4 Å above 225 K,
the temperature of the dielectric transition. The value of r2 in this
case is the radius of a sphere that the protons are able to move
around and both the fact that the value of r2 decreases and the
value that it plateaus at is curious. Given that the distance from
the nitrogen at the centre of the TEA molecule to the methyl car-
bon on the edge is around 2.5 Å, then the value of r2 at these
high temperatures is too short to account for the TEA molecule
simply diffusing in a spherical motion. However, the value of
∼1.4 Å is similar to the distance between the ethyl and methyl
carbon atoms. Therefore, perhaps this result is pointing more
towards the idea that it is the methyl group moving and not the
entire TEA molecule. As the methyl groups flip between positions,
it could simply be that this motion freezes out as opposed to the
entire TEA cation rotating about the nitrogen atom. Additionally,
the fact that r1 increases to ∼1 Å at the transition is also indi-
cating that the motion of the methyl group protons are no longer
restricted above the transition.

Lastly, given that there are two very different processes oc-
curring within the molecule at very different values of Q, it is
sensible to plot out the change in intensity at a value at high
and low Q, which can be seen in Figure 4. In both cases, there
is a very slow decrease in intensity across the whole Q range.
At the high value of Q, the decrease in intensity is fairly broad
but there is perhaps a change in slope at approximately 225 K,

Fig. 4 The temperature variation of the intensity at Q = 4.22, 3.43, 3.75
and 1.47 Å−1.

which again indicates that although there is onset of this process
at low temperatures, there is a change in this motion, which we
believe is the methyl group rotation, at the dielectric transition.
For the change in intensity at lower values of Q, this begins above
100 K, which matches up with what we saw from the EISF fits
and rather than there being a change at the dielectric transition,
this larger length scale process is more gradual across the temper-
ature range. Therefore, this larger length scale process does not
appear to begin at the dielectric transition at 220 K, but far below
this. There is a slight difference between the 3.43 and 3.75 Å−1,
above 200 K and this may be given as an indication of a length
scale (approximately 1.6 Å) of a motion, however it should be
noted that this should be taken lightly. Perhaps, the most one may
take away from these values is that in a time-averaged state, the
proton motion may not have a strong temperature dependence,
perhaps supporting the idea that a lot the behaviour is governed
by the expansion of the spacing between TCNQ anions.

4 Dynamics at the transition
Whilst the conformational changes at the transition are described
above. In order to fully understand the transition, one must also
probe the dynamics. This has primarily focused on two tech-
niques, QENS, that follows on from the above EINS experiment,
and NMR, able to probe both T1 (400 MHz) and T1ρ (50 kHz).

4.0.1 Quasielastic Neutron Scattering

An elastic window scan, integrated over all of Q, confirming the
transition at 220 K and that this transition involves motions of
the protons. The broadness of the transition indicates that there
is multiple processes occurring. The mean squared displacement
(MSD), modelled by a Gaussian at these low Q values? , also
showed evidence of the dielectric transition at 220 K (see Figure
5A and B. Above 200 K, the MSD data can be fit using the Arrhe-
nius equation where Ea/kB= 544(12) K and the pre-exponent is
6.8(3) Å2, a low value for Ea/kB, however given the number of
processes this could probe, not unsurprising.

Detailed QENS spectra were taken at five temperatures be-
tween 150 - 300 K and these were summed over all of Q, mi-
nus any detectors that showed Bragg peaks, and converted from
S(Q,ω) to I(Q, t) (see Figure 5C). The best fits to the data were
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Fig. 5 A: Temperature dependence of the intensity of the QENS peaks performed through an elastic window scan. The inset shows the first derivative
of the curve where the blue dashed line is at 220 K and the red curve is a Gaussian where the centre of the peak is at 233(9) K with a FWHM
of 203(44) K, illustrating the broadness of the transition. B: The mean square displacement as a function of temperature fit using a Gaussian
approximation. The Inset shows the Arrhenius plot of the corresponding MSD data. C: Time dependent spectra where the data has been summed
over all of Q, the solid lines are fits to the data. D: The relaxation rates (τs or τl) associated with the fits to the data. E: The amplitude of each
component from the fits to the data. F: Arrhenius plot of relaxation rates, where the solid line is a fit to the data.

found to be by a summation of two exponential relaxations:

I(Q, t) = As exp

(
− t

τs

)
+Al exp

(
− t

τl

)
+ABase, (4)

where An is the amplitude of each component with ABase =

1−As −Al (accounting for the baseline, i.e. any motion outside
of the experimental time window) and 1/τn is the relaxation rate
of each component providing a timescale associated with each
process. The corresponding parameters from the fits have been
plotted in Figures 5D and 5E. Given the slow decease and in-
crease of the intensities of the elastic window scan and the MSD
respectively, it is no surprise that two components are needed to
fit the data, since within this time window there may be the onset
of a few different processes at any one temperature. The limited
Q range of the IRIS instrument meant that it was hard to separate
out different components and instead we had to look at the two
processes summed over all of Q. What is clear is that the second
component (Al) increases in amplitude at 150 K and then begins
to decrease above 250 K, where it is most likely moving out of the
time window of the measurement. However, for the first com-
ponent (As), it is only at 250 K, where this begins to increase in

amplitude. It is therefore likely that both of these components are
involved within the dielectric transition that occurs at 220 K. Each
component relates to a very different time scale, as can be seen
from the corresponding relaxation rates (1/τs or 1/τl), with the
short time component being an order of magnitude greater than
long time component, and pushing it to the limits of the experi-
mental timescale. Therefore the value of the relaxation should be
taken lightly as they are accounting for an onset/offset of a tem-
poral process that is at the limits of what can be measured. As
the temperature increases 1/τl begins to increase from 200 K, as
it is coming into the time-window of the measurement. The cor-
responding Arrhenius plot can be seen in Figure 5F, although the
activation energy could only be estimated for 1/τl , as this showed
a linear region. The data for 1/τs shows a step at 250 K and
this could be real, however as mentioned previously, this could
simply be modelling a fast component, the origin of which is un-
clear. One option may be that it is due to a change slight change
in the type of motion. The fitted Arrhenius parameters for 1/τl

are Ea/kB= 788 (68) K and f0 = 640(150) GHz. One of the
limitations of the IRIS data is that we have had to sum over all
of Q, and although we have been able to extract information on
the frequency of two different processes, we have lost all spatial
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information. Therefore we have used a different technique that
allows us to access the high Q regions to attempt to further pin
down different dynamics and relate this to the structure of the
TEA cations.

4.0.2 NMR

Both 1H T1 and T1ρ measurements were performed, since these
are sensitive to molecular motions at complementary frequencies:
the 1H NMR frequency (400 MHz) and 1H nutation frequency (50
kHz) respectively.

The T1 data could be fitted by two components in a roughly
fixed ratio of 0.75:0.25. Since the sample is not spatially imho-
mogeneous, the populations of the individual fitting components
are unlikely to be physically meaningful. We have therefore taken
the approach of Carignani et al.37 and used a weighted average
to obtain a single motionally sensitive parameter, the Population
Weighted Rate Average (PWRA), which is defined as:

PWRA (R1) =
P1

T1(1)
+

P2

T1(2)
, (5)

where Pn and T1 (n = 1,2), are the populations and T1 time con-
stants. This approach accounts for the spin diffusion between pro-
ton environments within the system. As seen in Figure 6A, there
is a clear maximum of the PWRA (corresponding to efficient re-
laxation) at the lowest temperatures measured. This is most likely
due to methyl group rotational diffusion, whose rate continues to
increase beyond the 100 MHz frequency scale through the dielec-
tric transition. The data are fitted using a simple model based on
isotropic rotational diffusion, where:

R1 = K[J(ν)+4J(2ν)], (6)

where K is a scaling factor and J(ν), the spectral density, is de-
fined as

J(ν) =
2τc

1+(2πντc)2 , (7)

with ν , in our case, equalling 400 MHz and where τc is the cor-
relation time. Assuming a simple thermally activated motion, the
temperature dependence of τc, or equivalently the attempt fre-
quency, f0, can be described using the Arrhenius equation (see
discussion around Equation 9) to calculate the relaxation rate
as a function of temperature. As indicated in the figure, the
R1 data were fitted up to the region of the dielectric transition,
with an activation energy of 620(80) K and an attempt frequency,
log10( f0) = 10.4(2) ( f0 ≈ 2.4×1010 Hz). The activation energy
for methyl group rotation is highly variable38,39, depending on
the degree of steric hindering, and the value obtained is consis-
tent with a relatively hindered group. The overall T1 data im-
ply that there is a single dominant fast motional process (most
likely methyl rotation) present below the dielectric transition, but
that other processes must be active (in the same 100s of MHz
frequency scale) above the transition; the relaxation stays short
(about 0.2 s) above 225 K. The absence of a clear additional max-
imum strongly suggests that these involve multiple potentially
correlated motions, as might be expected if the ethyl chains of
the TEA cation were unconstrained.

The T1ρ data also fitted to two component decays and it was

found the best way to represent this was to also use the PWRA,
now of R1ρ , that can be seen in Figure 6B. The R1ρ data show two
clear maxima, which can be modelled in a similar way to the R1

data, except in this case40,

R1ρ =
3
2

K[J(ν1)] (8)

where J(ν1) is defined by Equation 7, except for the T1ρ mea-
surements, ν1 = 50 kHz. A maximum in R1ρ corresponds to
temperatures where the motional processes have a strong com-
ponent at the RF nutation frequency, ν1, here 50 kHz. The lower
temperature data was fitted between 150 and 210 K (just be-
low the dielectric transition), resulting in an activation energy of
1970(70) K and f0 = 1.5(6)×109 Hz. For the higher temperature
maximum, the fits produce an activation energy of 3400(100) K
and f0 = 2(1)×1010 Hz. These two maxima straddle the dielectric
transition at 220 K. The simplest explanation is the two maxima
involve the same process, but whose rate is changed by the tran-
sition. (Alternatively, two different motional processes could be
active either side of the phase transition.) The larger activation
energy above the phase transition suggests that the dynamic pro-
cess is slowed by the phase transition and so a second maximum
might be expected at the higher temperatures needed to obtain
rates at 50 kHz. The pattern of two maxima with a larger ac-
tivation barrier above the transition is a strong argument for a
single process. There is an interesting analogy with the dynam-
ics of WO4 tetrahedra observed in ZrW2O8, where similarly the
activation barrier is higher above the order-disorder phase tran-
sition41. The inversion of the WO4 units involves a symmetrical
barrier in the disordered phase, but the energy profile in the or-
dered phase is highly asymmetrical, with a relatively low barrier
for high-energy “defect" orientations to return to the low-energy
orientation. Hence, paradoxically, the lower temperature ordered
phase appears to involve faster motions with a lower activation
barrier. We propose that the same principle is active here, with
the T1ρ measurements being on the right timescale to capture the
dynamic process that is most strongly coupled to the phase tran-
sition.

The blue solid line in Figure 6B shows the dielectric loss be-
tween 150 and 220 K, at 50 kHz, showing remarkable agreement
between the two techniques. This shows that the T1ρ NMR relax-
ation data and the dielectric spectroscopy are measuring the same
process below the phase transition, which is assumed to be the
unfreezing of the TEA cations. Note, there is no clear evidence for
this process within the dielectric loss data above 220 K since the
dielectric data will not be sensitive to this process above the tran-
sition. It is also clear from Figure 6A that multiple dynamic pro-
cesess are active above the phase transition. It is also important
to note that the dielectric spectroscopy only observes processes
that change local dipole moments, whereas the 1H NMR mea-
surements are sensitive to any dynamics of the hydrogen atoms.
Hence the methyl group rotation is only observed by NMR.

Lastly, the FWHM of the NMR peak can be seen in Figure 6C.
As expected, this has strong similarities with the measurements of
second moments of 1H lineshapes conducted by Travers et al.25

(assuming a consistent lineshape, the second moment, or rather
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Fig. 6 The temperature dependence of the parameters extracted from the NMR experiments for TEA(TCNQ)2, where A: is the PWRA for the T1 data
with a Larmor frequency of 400 MHz, B: is the PWRA for the T1ρ data, where the data shows maxima when the molecular motion is about 50 kHz.
The solid blue line is the dielectric loss at 50 kHz, with data shown between 150 and 220 K, showing remarkable agreement between the two data
sets. C: is the full width at half maximum associated with the NMR peak. The red solid lines are fits to the data using equations using equations 6,
7 and 8.

its square root, would be proportional to the FWHM). The mea-
surements within this paper were performed on a sample where
the TCNQ moeity was deuterated, therefore the one expected dif-
ference is that we should not see a flattening out of the FWHM
at high temperatures. The FWHM, in our case, will tend to zero
as there are no static protons within the structure. It is difficult
to interpret the FWHM quantitatively, however, one can see from
the flattening of the curve in Figure 6C at 220 K, that the overall
fluctuation rate is exceeding 15 kHz. This is consistent with the
FWHM being sensitive to the same motional process as observed
in the T1ρ experiment. Moreover, the FWHM data shows that this
motion must involve relatively large re-orientations of the TEA
cations, since a small-amplitude libration-type motion would not
result in significant changes to 1H linewidths. The merit of these
measurements on the deuterated sample is that they reveal a con-
tinuous decrease of the linewidth associated with the cation as
the temperature increases. This is consistent with a gradual evo-
lution from a restricted flip-type motion to a more isotropic re-
orientation of the cations as the TCNQ host structure expands.

5 Discussion
All the measurements described above span a wide range of fre-
quencies or time scales and in all cases we have used the temper-
ature dependence of an experimental parameter and fitted this
using the Arrhenius equation, which is defined as:

f = f0 exp
(
−Ea

kBT

)
, (9)

where Ea/kB is the activation energy, which are in the units of
kelvin, and f0 = 1/τ0 is the attempt frequency that can be thought

of as the rate at which these processes occur (i.e. the number of
excitations present per unit of time) and it is the exp(−Ea/kBT )
part of the equation that defines the probability that the sys-
tem is able to transition to the exited states, i.e. when the pro-
tons are able to undergo different types of motion. In all cases,
with the exception of the MSD data shown in Figure 5B and the
temperature-dependent I(Q) results shown in Figure 4, we have
been able to get values of the attempt frequencies. For the MSD
data, the intercept and the slope from the Arrhenius plot provide
parameters in terms of a length scale and an intensity respectively
and so one is limited to extracting the activation energy.

A graph summarising the different activation energies against
experimental frequencies/timescales is shown in Figure 7A. One
should note the logarithmic scale on the ordinate, but there are
clusters of points pointing to correlations between the different
techniques.

Previous work, using electrical conductivity and structural
studies, has estimated the energy gap at to be ∼2000 K42,43 and
it is likely that the processes we are measuring are related.

The values of activation energy from the dielectric data sup-
ports this but the technique does have some huge limitations. Di-
electric spectroscopy is a bulk technique and averages over all of
the sample and every different molecular environment, and so
may see both the motions of the TEA cations but also the polar-
isation of the electronic moments on the TCNQ dimers. There
is also the question of which type of analysis is correct; the sim-
ple Arrhenius model or Vogel-Fulcher model. However, the fre-
quency dependence of the dielectric data clearly show there are
two process present at different frequencies on going through the
transition. It should also not be discounted that the dielectric

8 | 1–12Journal Name, [year], [vol.],



Fig. 7 A: Plot of the fitted activation energy against the experimental
frequencies or timescales from different techniques. B: A comparison of
the activation energies for each respected technique with their respective
attempt frequencies. The values for the dielectric data have been taken
from Reference27.

measurements may also be sensitive to any polarisation set-up by
hydrogen bonding of the N-H on the TEA cation to the N atom on
a TCNQ molecule. The H-bonding may provide an anchor to pre-
vent the full flipping of the entire TEA cation, but there will still
be motion associated with the N-H and TCNQ interactions and
this could show an activated behaviour. Therefore it is important
to consider the behaviour of the more local techniques across the
range of frequencies.

At the higher frequencies, there are both the QENS and the T1

data, where the activation energies calculated are very close and
lie within the 500 K - 750 K band of activation energies shown
Figure 7A. It is likely that the behaviour of the T1 (or R1) data is
indicative of methyl group rotation, and that this process onsets
below the dielectric transition, although the EINS data illustrate
that the rotation of the methyl groups is hindered. The QENS
measurements also account for some fairly fast dynamics associ-
ated with the protons within the TEA cation, with one process
(τ1) accounting for a fast process that is present and just within
the experimental time scale. With a second process (τ2) coming
into the experimental timescale as the sample goes through the
dielectric transition. Paired with the EINS data this is confirm-
ing that there are two different regimes for the methyl groups;

confinement below the transition and unconfinement above the
transition, where the rotation is unhindered. This is the reason
that the T1 and τ2 result in similar activation energies.

For µSR (see supplementary infromation), the frequency or
time-scale of the measurement is very different to that of the NMR
and QENS. Sitting within the MHz window, this is generally too
slow for methyl group rotation or other local C-H motions, but it
is faster than the T1ρ and toward the limit of the dielectric mea-
surements. Therefore, µSR is likely providing us with unique in-
formation. The activation energy is lower then that of both the
QENS and T1 experiment, and one may not expect a correlation.
The muons observe all motions, electronic or nuclear, that cause
a large enough change in the local field distribution that are on
the experimental time scale within the TEA cation. The muon in-
teracts with a TCNQ molecule by forming a sigma bond with a
nitrogen on one of the cyano groups, there is then a hyperfine in-
teraction between the quadrupole moment on the nitrogen nuclei
and the muon. This interaction is particularly sensitive to local
changes across the strongly coupled TCNQ dimer as well as along
the entire 1D stack if electrons are able to hop from one dimer to
another, i.e. the sample transitions out of a Mott insulator state,
or if the wavefunction of the electrons become more diffuse along
these stacks. Given the unique time region that the muons probe,
the behaviour does not match up with the T1ρ or the QENS/T1

measurements, therefore it is likely that the muons provide ad-
ditional evidence of a change in spin dynamics at the dielectric
transition.

Moving down into the kHz frequency region, one encoun-
ters the activation energies from the T1ρ and the dielectric spec-
troscopy measurements. The T1ρ experiment showed two activa-
tion energies, yet these activation energies are high when com-
pared with other techniques. The T1ρ measurements probe much
slower time scales than the many of the other frequency depen-
dent measurements and this will exclude faster process that will
be detected within the QENS, T1 and possibly µSR data. How-
ever, the dielectric loss at 50 kHz and the T1ρ do show agreement
with the maximum of the peak and so this is confirmation that
below 220 K, they are probing the same dynamic process. As one
goes above 220 K, there are no obvious signatures within the di-
electric loss that would suggest the measurements are sensitive
to the higher temperature T1ρ process, probably because this pro-
cess does not involve a change in the net polarisation. From pre-
vious dielectric data, the activation energies calculated using the
Arrhenius model, agrees well with the the T1ρ data. This could
question whether both the Vogel-Fulcher and Arrhenius analysis
are a valid model within this system. The high activation energies
are perhaps telling us that the processes are most likely related to
a single energy barrier, as opposed to multiple process all moving
into the experimental time scale. As mentioned in a previous sec-
tion, the two peaks in the T1ρ (or R1) data could be related to the
motion of the whole cation above and below the dielectric transi-
tion. The fact that the value of the fitted attempt frequency (see
Figure 7B) for the high temperature T1ρ and T1 could be that the
processes probed are related, with the number of attempted exci-
tations roughly equal, just on very different time scales, pointing
to a continuum of energies. This may be supported by the EINS
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data showing that there is a change in the motion of the methyl
groups at the dielectric transition.

Lastly, within this 500 K – 750 K band of activation ener-
gies is the value calculated from the MSD data. Both the IN13
and MSD measurements represent the scattering condition when
∆E = ∆ω = 0, which is purely related to the structure or position
of the protons at different values of Q, which when integrated
over time result in an average representation of the structure and
indicates where one may find the protons at a given time. The
MSD is probing all the protons within the system and since it is
possible that the methyl group rotation and the entire cation mo-
tion has a similar activation energy, this is why its fitted value is
within the lower band. The IN13 data probe the change in in-
tensity at different length scales, the higher of the two activation
energies being related to the high Q data. The higher values of
Q will probe the more local motions such as that of the methyl
groups and the low values of Q probe the larger motions of the
TEA cation. Thus within the IN13 data one can probe both the
methyl group rotation as well as the motion of the whole cation.
The change in intensity at these different Q values allows one to
pick the processes apart. If a fit to these changes in intensity to
gain an activation energy is attempted, one ends up with unphys-
ical energies that are lower than the temperature range that is be-
ing fitted. Therefore, these processes do not seem to represent a
single process with an activated behaviour.This may point to the
processes not being strongly dependent on temperature and as
the spacing between the TCNQ molecules increases, due to ther-
mal expansion, the TEA cation (including the methyl groups) are
free to move. So in a time averaged state, the behaviour at of the
protons at high and low Q may be a consequence of the thermal
expansion of the TCNQ chains. As the TCNQ chains expand, this
may also disrupt the hydrogen bonding between the ammonium
proton of the TEA cation and an individual TCNQ molecule. It is
this disruption that may then also free up the TEA cation to un-
dergo motion as it is no longer restricted.Ultimately pushing the
sample through the dielectric transition.

6 Conclusion
Within this work, we have been able to map out the activation
energy across various measurement time scales and shown that
they depend on the length scale of the measurement. The dif-
ferent techniques all map onto each other where we have been
able to unravel the different behaviours and processes that are
activated on going through the dielectric transition.

One main result has been on showing that, although the methyl
group rotation may exist below the dielectric transition, it is only
at the transition that the methyl groups become unconfined. Ad-
ditionally, the length scale of the lower Q process is not indicative
of the whole TEA cation moving, but from looking at the atomic
distances calculated from diffraction measurements, one can in-
fer that it is the carbon-carbon bonds which are moving between
positions. This is a large step forward in understanding not only
this compound, but related materials. It is hoped that by under-
standing the behaviour in TEA(TCNQ)2 one is able to apply this
knowledge to the fundamental properties of the system for po-
tential use in devices as well as to other organic-based systems

where similar behaviour is seen.
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